Introduction {#sec1}
============

Azo-linked Schiff bases exhibit diverse biological properties.[@bib1] Compounds having an azomethine (---CH000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000N---) functional group are known as Schiff bases; they function as organic synthons for the synthesis of new molecules. They exhibit anticancer,[@bib2] anti-tubercular,[@bib3] antiviral,[@bib4] anticonvulsant,[@bib5] and antimicrobial activities.[@bib6] They are flexible and structurally similar to natural biological substances due to the presence of an imine (---NCH---) group.[@bib7]

The azomethine group is a good electron donor, and forms stable complexes with transition metal ions.[@bib8] Both azo and azomethine groups in azo-linked Schiff bases are capable of forming coordination bonds with metal ions; however, metal ions interact preferentially with the azomethine group, leaving the azo group free.[@bib8] Coordination of an organic compound with a metal drastically changes its biological properties.[@bib9] Metal complexes of Schiff bases exhibit anticancer,[@bib10] antimicrobial,[@bib9], [@bib10], [@bib1] and antioxidant activities[@bib11] as well as decreased cytotoxicities compared to individual metal ions and Schiff bases.[@bib11] The treatment of infections is challenged by multidrug resistance in pathogenic organisms and oxidative stress. Hence, the development of newer molecules for the management of infections and oxidative stress is warranted.[@bib12], [@bib13] Metal complexation alters the therapeutic efficiency of azo-linked ligands.[@bib14] Azo-linked Schiff bases contain both azomethine and azo groups. Coordination of metals to such groups is responsible for their versatile biological properties.[@bib8] Schiff bases derived from salicylaldehydes are known polydentate ligands which can coordinate to metals in both their deprotonated and neutral forms.[@bib15] Salicylaldehyde-bearing molecules exhibit, antimicrobial,[@bib15] antiviral,[@bib16] cytotoxic,[@bib17] DNA-binding,[@bib18] and antioxidant[@bib19] activities.

The objective of the study was to synthesize a series of metal complexes retaining both azo and azomethine groups and identify molecules that are effective against drug-resistant microbial strains and possess significant antioxidant properties, thereby acting as efficient anti-infective agents. Antimicrobial activities were evaluated using drug-resistant bacterial strains. In this study, different transitional metals were conjugated with Schiff base intermediates of 5-\[(4-bromo-3-methylphenyl)diazenyl\]-2-hydroxybenzaldehyde, (**4e**),[@bib6] and their biological properties were evaluated.

Materials and Methods {#sec2}
=====================

All the chemicals (Merck specialties Ltd., Mumbai, India) used were of synthesis grade. Melting points were determined by the open capillary method (Elico), and were uncorrected. An FT/IR spectrophotometer was used to record the IR spectra of the synthesized molecules (JASCO FT/IR 4100, JASCO, JAPAN). A mass spectrophotometer with a C~6~ column (150 mm × 4.6 mm, 5 μm) was used to determine the molecular mass (Shimadzu). ^1^H NMR spectra were recorded using tetramethylsilane as an internal standard (Bruker ^1^H NMR, 400 MHz), and chemical shifts (δ) were reported in ppm. UV and elemental analyses were performed using a JASCO V-630 spectrophotometer and a Perkin Elmer 2400 CHNS/O analyser, respectively. XRD analysis was performed using a Cu Kα X-ray source; step = 0.02(2θ), run 2θ = 2--80°, scanning speed = 2°/min (Shimadzu XRD 7000). Structure elucidation was performed using the Origin data analysis software. A scanning electron microscope (EGOMA 15 ZEISS) was used to study the structural environment. Magnetic susceptibility was analysed by a Faraday balance.

The synthesis of 5-\[(4-bromo-3-methylphenyl)diazenyl\]-2-hydroxybenzaldehyde (**4e**) was carried out as previously reported.[@bib6]

*Synthesis of Schiff base ligands****5****(****a***,***b****)* {#sec2.1}
--------------------------------------------------------------

An ethanolic solution (50 mL) of 2-amino-4-substituted phenylthiazole **4** (**a,b**) was mixed with an aqueous solution (100 mL) of **4e** in equimolar concentrations, and the mixture was refluxed in the presence of glacial acetic acid for 2 h at 70 °C to obtain Schiff base ligands **5** (**a,b**).[@bib20] The precipitates obtained were repeatedly washed with a mixture of ethanol and diethyl ether.

*Synthesis of complexes****6****(****a--f****)* {#sec2.2}
-----------------------------------------------

Each Schiff base ligand (2 mmol) was mixed with an equal proportion of respective metal chlorides (Co^2+^, Cu^2+^, and Ni^2+^; 1 mmol) and refluxed with ethanol for 2 h at 70 °C, followed by recrystallization in ethanol. The progression of the reaction was monitored by TLC with a solvent system containing ethyl acetate and cyclohexane (1:3).[@bib6]

Antimicrobial activity {#sec2.3}
----------------------

Antimicrobial activities of the synthesized molecules were studied by an agar well diffusion method using nutrient agar and Sabouraud dextrose agar media for bacterial and fungal pathogens, respectively.[@bib21] Freshly subcultured microbial strains of *Klebsiella pneumoniae* (MTCC 109) and *Candida albicans* (MTCC 3017) were procured from the Institute of Microbial Technology and Gene bank (IMTECH), Chandigarh, India. *Escherichia coli (res)* (resistant to norfloxacin, ofloxacin, ampicillin, cefixime, and nitrofurantoin) and *Staphylococcus aureus (res)* (resistant to norfloxacin, ofloxacin, ampicillin, and cefotaxime) were isolated by the Pharmaceutical Biotechnology Division of the University Department of Pharmaceutical Sciences, Utkal University, Bhubaneswar, Odisha, India. The faecal collected from Institute of Medical Sciences & SUM Hospital, Bhubaneswar, Odisha. *Cryptococcus neoformans* was obtained from the University Department of Pharmaceutical Sciences, Utkal University.[@bib22] Amoxicillin (Reference Antibiotic: RA) and ampicillin (RA^1^) were used as reference antibacterial antibiotics, and fluconazole (RA) was used as a reference antifungal antibiotic. Antimicrobial diffusion assays were performed using cell suspensions containing 1.5 × 10^6^ CFU/mL employing the McFarland turbidity standard No. 0.5.[@bib23]

Minimum inhibitory concentration (MIC) {#sec2.4}
--------------------------------------

Stock solutions of test and reference compounds were prepared in DMF at a concentration of 1 mg/mL. Further, five different concentrations (31.25--500 µg/mL) were prepared by two-fold dilution method and loaded into agar wells. Before incorporating the stock solution of test and reference compounds in to the agar wells, the agar plates were seeded with respective bacterial and fungal strains in a suitable concentration. The loaded petri plates were incubated at 37 °C for 18--24 h. After incubation, the MIC values were determined.[@bib21]

Acute toxicity study {#sec2.5}
--------------------

A fixed dose acute oral toxicity study was conducted according to OECD guideline no. 420 (2000) using female Wistar rats for a period of 14 days. Test compounds at doses of 5, 50, 300, and 2000 mg/kg body weight were administered to the rats with an interval of 24 h between each dose. The study was carried out in adherence to CPCSEA and IAEC guidelines (registration number 1171/C/08/CPCSEA and Ref. No. 60/SPS/IAEC/SOAU).[@bib21]

Antioxidant activity {#sec2.6}
--------------------

The free radical scavenging activities of the synthesized Schiff base analogues of 2**-**amino-4-substituted phenylthiazole were measured by the DPPH assay with some modifications.[@bib21] The absorbance of test compounds and standard butylated hydroxy toluene (BHT) at different concentrations was measured at 517 nm, and free radical inhibitory activities were calculated. A mixture of DPPH and methanol was considered as control.A~cont~ = Absorbance of controlA~test~ = Absorbance of the test and standard samples

The IC~50~ value was graphically determined.

Statistical analysis {#sec2.7}
--------------------

One-way analysis of variance using Dunnett\'s *post hoc* test was used for analysis of the data.[@bib21]

Results {#sec3}
=======

Schiff base ligands, 4-\[(4-bromo-3-methylphenyl)diazenyl)-2-\[(4-substituted phenylthiazol-2-ylimino)methyl\]phenol, **5** (**a--b**), along with their metal complexes **6 (a--f**) were synthesized as stated in [Scheme I](#sch1){ref-type="fig"}.Scheme ISynthesis of metal complexes of Schiff bases derived from 2-amino-4-substituted phenylthiazole. i. NaNO~2~/HCl, 0--5 °C, diazotization; ii. 10% NaOH, coupling reaction; iii. Ethanol reflux, 2 h, 70 °C, Schiff base; iv. MCl~2~/x H~2~O, ethanol (M = Co^2+^, Cu^2+^, or Ni^2+^).

The physical properties of the synthesized analogues are reported in [Table 1](#tbl1){ref-type="table"}.Table 1Physical characteristics of novel metal complexes of 2-amino-4-substituted phenylthiazole Schiff bases.CompoundsChemical nameM. formulaLC-MS (RT, % area)*m/z*R~f~M. P. (°C)ColourYield (%)**4e***5- \[(4-Bromo-3-methylphenyl)diazenyl\]-2-hydroxybenzaldehyde*C~14~H~11~BrN~2~O~2~3.053, 95.57319.01 (M + 1)0.8180--90Dark red (powder)85**5a(Lig)***4-\[(4-bromo-3-methylphenyl)diazenyl)-2-\[(4-phenylthiazol-2-ylimino)methyl\]phenol*C~23~H~17~BrN~4~OS1.581, 99.93477.3 (M−1)0.6235--37Brown (crystal)74**5b(Lig)***4-\[(4-bromo-3-methylphenyl)diazenyl\]-2-\[(4-(4-chlorophenyl)thiazol-2- ylimino)methyl\]phenol*C~23~H~16~BrClN~4~OS1.861, 89.73512.3 (M + 1)0.5242--45Brown (crystal)78**6a***Bis\[{4-((4-bromo-3-methylphenyl)diazenyl)-2-((4-phenylthiazol-2-limino)methyl)phenoxy}\] cobalt*C~46~H~32~Br~2~CoN~8~O~2~S~2~1.761, 91.731009.3 (M + 1)0.6258--60Brown (powder)43**6b***Bis\[{4-((4-bromo-3-methylphenyl)diazenyl)-2-((4-phenylthiazol-2-ylimino)methyl)phenoxy}\] copper,*C~46~H~32~Br~2~CuN~8~O~2~S~2~1.351, 97.431013 (M + 1)0.7262--65Brown (powder)49**6c***Bis\[{4-((4-bromo-3-methylphenyl)diazenyl)-2-((4-phenylthiazol-2-ylimino)methyl)phenoxy}\] nickel*C~46~H~32~Br~2~N~8~NiO~2~S~2~1.661, 87.731008.79 (M−1)0.8253--58Brown (powder)51**6d***Bis\[4-{(4-bromo-3-methylphenyl)diazenyl}-2-{(4-(4-chlorophenyl)thiazol-2-ylimino)methyl}phenoxy\]cobalt*C~46~H~30~Br~2~Cl~2~CoN~8~O~2~S~2~1.561, 88.731079.1 (M + 1)0.7238--40Brown (powder)53**6e***Bis\[4-{(4-bromo-3-methylphenyl)diazenyl}-2-{(4-(4-chlorophenyl)thiazol-2-ylimino)methyl}phenoxy\] copper,*C~46~H~30~Br~2~Cl~2~CuN~8~O~2~S~2~1.356, 81.731085.31 (M + 1)0.8246--50Brown (powder)73**6f***bis\[4-{(4-bromo-3-methylphenyl)diazenyl}-2-{(4-(4-chlorophenyl)thiazol-2-ylimino)methyl}phenoxy\] nickel*C~46~H~30~Br~2~Cl~2~NiN~8~O~2~S~2~1.531, 79.731081.10 (M + 2)0.6253--55Brown (powder)67

The far and near IR spectra of the newly synthesized compounds were studied in the frequency (ν) range of 4000--400 cm^−1^. A band at ν 1660 cm^−1^ indicated the presence of the carbonyl stretching of salicylaldehyde in **4e**. A weak absorption band appeared at ν 1481--1477 cm^−1^ in the spectra of all the compounds due to the presence of an (---NN---) group. Broad, medium-intensity bands at ν 3155 and 3159 cm^−1^ were observed in the FT/IR spectra of Schiff bases **5** (**a--b**), indicating intra-molecular hydrogen bonding between hydroxyl groups and the nitrogen of azomethine. The FT/IR spectra of Schiff base ligands **5a(Lig)** are reported in [Figure 1](#fig1){ref-type="fig"}. The spectra of the intermediate Schiff bases, **5a(Lig)** and **5b(Lig)**, showed peaks indicating the azomethine group at ν 1615 and 1610 cm^−1^, respectively, whereas the spectra of the metal complexes **6 (a--f**), derived from **5a(Lig)** and **5b(Lig)**, showed moderate changes in the azomethine frequency. The phenolic (C---O) stretching vibrations of Schiff base ligands at ν 1132 and 1142 cm^−1^ were shifted in all the complexes towards the lower frequencies ν 1104 and 1115 cm^−1^.[@bib6] The IR spectra of the metal complexes showed bands at ν 493--455 and 597--535 cm^−1^ assigned to (M−N) and (M−O), respectively ([Table 2](#tbl2){ref-type="table"}).Figure 1FT/IR spectra of 4-\[(4-bromo-3-methylphenyl)diazenyl\]-2-\[(4-phenylthiazol-2-ylimino)methyl\]phenol: **5a**(**Lig**).Table 2Spectral characterization of novel metal complexes of 2-amino-4-substituted phenylthiazole Schiff bases.CompoundUV--Vis\
λ ~max~ (nm)\
(Ethanol)Spectral CharacterizationElemental Analysis Calculated (Found) %IR (cm^−1^)^1^H NMR (δ, ppm)CHNS**4e**3463444 (O---H ~str.~), 2857, 2743 (CH ~str.~ of aldehyde), 1660 (CO ~str.~), 1615 (CC ~str.~), 1478 (---NN---), 1305, 1175 (SO~2str.~SO~3~H), 1137 (C---O ~str.~);(CDCl~3~, 400 MHz):\
2.50 (s, 3H, CH~3~), 7.26 (d, 1H, salicylaldehyde, H-5), 7.69--7.78 (d, 2H, Ar H), 7.78 (s, 1H, Ar H), 8.20 (s, 1H, salicylaldehyde H-2), 8.17 (d, 1H, salicylaldehyde H-6), 10.38 (s, 1H, CHO), 11.34 (s, 1H, OH);52.69 (52.71)3.47 (3.48)8.78 (8.77)--**5a(Lig)**4033155 (O---H ~str.~ intra mol. H.), 1615 (CN ~str.~), 1481 (---NN---), 1284 (OH bend), 1132 (C---O ~str.~), 845 (C---Br ~str.~);(CDCl~3~, 400 MHz):\
2.49 (s, 3H, CH~3~), 7.25 (d, 1H, salicylaldehyde H-6), 7.43--7.59 (m, 5H, ArH), 7.67 (d, 1H, diazenylphenyl H-5), 7.76 (s, 1H, diazenylphenyl H-2), 8.17 (s, 1H, ---CHN), 8.18 (s, 1H, Thiazolyl H-5), 8.72 (d, 1H, salicylaldehyde H-5), 9.42 (s, 1H, salicylaldehyde H-3), 11.33 (s, 1H, OH);57.87 (57.83)3.59 (3.60)11.74 (11.71)6.72 (6.74)**5b(Lig)**4113159 (O---H ~str.~ intra mol. H.), 1610 (CN ~str.~), 1477 (---NN---), 1265 (OH bend.), 1142 (C---O ~str.~), 841 (C---Br str.), 835 (1,4 disubst.);(CDCl~3~, 400 *MHz)*: 2.39 (s, 3H, CH~3~), 7.24 (d, 1H, salicylaldehyde H-6), 7.53--7.98 (d, 4H, ArH), 7.69 (d, 1H, diazenylphenyl H-5),7.71 (d, 1H, diazenylphenyl H-6), 7.76 (s, 1H, diazenylphenyl H-2), 8.13 (s, 1H, ---CHN), 8.16 (s, 1H, Thiazolyl H-5), 8.73 (d, 1H, salicylaldehyde H-5), 9.13 (s, 1H, salicylaldehyde H-3), 11.29 (s, 1H, OH);53.97 (53.93)3.15 (3.21)10.95 (10.91)6.26 (6.28)**6a**3751614 (CN ~str.~), 1470 (---NN---), 1104 (C---O ~str.~), 815 (C---Br str.), 457 (Co---N), 593(Co---O);(DMSO-*d*~*6*~, 400 MHz):\
2.50 (s, 3H, CH~3~), 7.25 (d, 1H, salicylaldehyde H-6), 7.44--7.60 (m, 10H, ArH), 7.66 (d, 1H, diazenylphenyl H-5), 7.77 (s, 1H, diazenylphenyl H-2), 8.17 (s, 1H, ---CHN), 8.19 (s, 1H, Thiazolyl H-5), 8.72 (d, 1H, salicylaldehyde H-5), 9.45 (s, 1H, salicylaldehyde H-3);54.61 (54.33)3.19 (3.25)11.08 (11.19)6.34 (6. 31)**6b**3921612 (CN ~str.~), 1465 (---NN---), 1115 (C---O ~str.~), 814 (C---Br str.), 455 (Cu---N), 535 (Cu---O) cm^−1^;(DMSO-*d*~*6*~, 400 MHz):\
2.50 (s, 3H, CH~3~), 7.26 (d, 1H, salicylaldehyde H-6), 7.39--7.66 (m, 10H, ArH), 7.67 (d, 1H, diazenylphenyl H-5), 7.77 (s, 1H, diazenylphenyl H-2), 8.17 (s, 1H, ---CHN), 8.20 (s, 1H, Thiazolyl H-5), 8.79 (d, 1H, salicylaldehyde H-5), 9.63 (s, 1H, salicylaldehyde H-3);54.36 (54.39)3.17 (3.17)11.03 (11.11)6.31 (6.33)**6c**3501611 (CN ~str.~), 1482 (---NN---), 1105 (C---O ~str.~), 816 (C---Br str.), 456 (Ni---N), 593 (Ni---O) cm^−1^;(DMSO-*d*~*6*~, 400 MHz):\
2.50 (s, 3H, CH~3~), 7.26 (d, 1H, salicylaldehyde H-6), 7.38--7.67 (m, 10H, ArH), 7.69 (d, 1H, diazenylphenyl H-5), 7.77 (s, 1H, diazenylphenyl H-2), 8.17 (s, 1H, ---CHN), 8.19 (s, 1H, Thiazolyl H-5), 8.79 (d, 1H, salicylaldehyde H-5), 9.46 (s, 1H, salicylaldehyde H-3);54.62 (54.79)3.19 (3.37)11.08 (11.14)6.34 (6.45)**6d**3451613 (CN ~str.~), 1472 (---NN---), 1109 (C---O ~str.~), 837 (C---Br str.), 463 (Co---N), 597 (Co---O);(DMSO-*d*~*6*~, 400 MHz):\
2.45 (s, 3H, CH~3~), 7.47 (d, 1H, salicylaldehyde H-6), 7.51--7.71 (m, 10H, ArH), 7.73 (d, 1H, diazenylphenyl H-5), 7.79 (s, 1H, diazenylphenyl H-2), 8.21 (s, 1H, ---CHN), 8.28 (s, 1H, Thiazolyl H-5), 8.89 (d, 1H, salicylaldehyde H-5), 9.51 (s, 1H, salicylaldehyde H-3);51.13 (51.18)2.80 (2.79)10.37 (10.49)5.93 (5.97)**6e**3751609 (CN ~str.~), 1465 (---NN---), 1113 (C---O ~str.~), 849 (C---Br str.), 493 (Cu---N), 583 (Cu---O);(DMSO-*d*~*6*~, 400 MHz):\
2.39 (s, 3H, CH~3~), 7.51 (d, 1H, salicylaldehyde H-6), 7.32--7.69 (m, 10H, ArH), 7.71 (d, 1H, diazenylphenyl H-5), 7.78 (s, 1H, diazenylphenyl H-2), 8.23 (s, 1H, ---CHN), 8.29 (s, 1H, Thiazolyl H-5), 8.65 (d, 1H, salicylaldehyde H-5), 9.43 (s, 1H, salicylaldehyde H-3);50.91 (50.79)2.79 (2.89)10.33 (10.49)5.91 (5.93)**6f**3771611 (CN ~str.~), 1463 (---NN---), 1109 (C---O ~str.~), 837 (C---Br str.), 487 (Ni---N), 588 (Ni---O).(DMSO-*d*~*6*~, 400 MHz):\
2.37 (s, 3H, CH~3~), 7.57 (d, 1H, salicylaldehyde H-6), 7.32--7.68 (m, 10H, ArH), 7.71 (d, 1H, diazenylphenyl H-5), 7.77 (s, 1H, diazenylphenyl H-2), 8.22 (s, 1H, ---CHN), 8.26 (s, 1H, Thiazolyl H-5), 8.63 (d, 1H, salicylaldehyde H-5), 9.63 (s, 1H, salicylaldehyde H-3).51.14 (51.29)2.80 (2.83)10.37 (10.41)5.94 (5.97)

The ^1^H NMR spectra of **5a**(**Lig**) and **6a** are reported in [Figure 2](#fig2){ref-type="fig"} and [Figure 3](#fig3){ref-type="fig"}, respectively. Singlet signals appeared at δ 11.34, 11.29, and 11.33 ppm in the spectra of **4e**, **5a**(**Lig**), and **5b**(**Lig**) due to the presence of the phenolic ---OH group of salicylaldehyde. None of the metal complexes showed signals corresponding to this phenolic ---OH group, confirming the formation of metal complexes. Schiff bases **5a**(**Lig**) and **5b**(**Lig**) showed sharp singlet signals at δ 8.17 and 8.13 ppm, respectively, due to the azomethine group. The interaction of the nitrogen atom of the (---CHN--) group with the corresponding metal chlorides in all the complexes **6** (**a--f**) was responsible for the sharp singlet signals in the range of δ 8.17--8.23 ppm. The sharp singlet signals observed in the spectra of all the compounds, **4e**, **5** (**a--b**), and **6**(**a--f**), in the range of δ 2.39--2.45 ppm corresponded to methyl protons ([Table 2](#tbl2){ref-type="table"}).Figure 2^1^H NMR spectra of 4-\[(4-bromo-3-methylphenyl)diazenyl\]-2-\[(4-phenylthiazol-2-ylimino) methyl\]phenol: **5a**(**Lig**).Figure 3^1^H NMR spectra of bis\[{4-((4-bromo-3-methylphenyl)diazenyl)-2-((4-phenylthiazol-2-ylimino)methyl)phenoxy}\]cobalt (**6a**).

The λ~max~ of all the synthesized molecules was studied on a UV--Vis spectrophotometer at concentrations of 10^−5^--10^−6^ M in ethanol. The Schiff base ligands and their metal complexes showed absorption bands in the range of 345--411 nm due to n−π\* transitions indicating the presence of ---NN--- in all the molecules ([Table 2](#tbl2){ref-type="table"}). The solvatochromic effects of compounds **4e** and **5a(Lig)**, and metal complexes **6(a**--**c)** are illustrated in [Figure 4](#fig4){ref-type="fig"}. The predicted molecular weights of the synthesized compounds were confirmed by LC-MS ([Table 1](#tbl1){ref-type="table"}). Compound **5a(Lig**) was predicted to have the molecular formula C~23~H~17~BrN~4~OS due to the molecular ion peak at 477.3 *m/z* ([Figure 5](#fig5){ref-type="fig"}). Elemental analysis of the synthesized molecules verified their molecular formulas.Figure 4Solvatochromic effect of **4e**, and **5a(Lig)** and its metal complexes **6 (a**--**c**) using ethanol.Figure 5LCMS of 4-\[(4-bromo-3-methylphenyl)diazenyl\]-2-\[(4-phenylthiazol-2-ylimino)methyl\]phenol: **5a(Lig).**

Structures of the Schiff base **5b**(**Lig**) and its cobalt complex (**6d**) based on XRD analysis are shown in [Figure 6](#fig6){ref-type="fig"}, which reveals two strong and three moderate reflections shown by **5b(Lig)** in the 2θ range of 30--80° ([Figure 6](#fig6){ref-type="fig"}a), whereas **6d** showed five strong and three moderate reflections in the 2θ range of 18--80° ([Figure 6](#fig6){ref-type="fig"}b) corresponding to their inter-planar distances *d* = 7.03 and 2.82 A°, respectively.Figure 6X-ray Diffraction pattern of (**a**): 4-\[(4-bromo-3-methylphenyl)diazenyl\]-2-\[(4-(4-chlorophenyl)thiazol-2-ylimino)methyl\]phenol **5b(Lig)**: and (**b**): bis\[4-{(4-bromo-3-methylphenyl)diazenyl}-2-{(4-(4-chlorophenyl)thiazol-2-ylimino)methyl}phenoxy\]cobalt (**6d**).

SEM analysis of **5b**(**Lig**) and its cobalt complex **6d** suggested that the particle size of **6d** significantly differed from the particle size of **5b**(**Lig**) due to the presence of an auxiliary molecule. The particle diameter of **5b**(**Lig**) was 355.2 nm at an external angle of 360° ([Figure 7](#fig7){ref-type="fig"}a), whereas it was 366 nm at an external angle of 355.2° for its cobalt complex ([Figure 7](#fig7){ref-type="fig"}b).Figure 7SEM micrograph of (**a**): 4-\[(4-bromo-3-methylphenyl)diazenyl\]-2-\[(4-(4-chlorophenyl)thiazol-2-ylimino)methyl\]phenol **5b(Lig)**: and (**b**): bis\[4-{(4-bromo-3-methylphenyl)diazenyl}-2-{(4-(4-chlorophenyl)thiazol-2-ylimino)methyl}phenoxy\]cobalt (**6d**).

The magnetic susceptibilities of the Co^2+^ complex were 5.09 and 5.11 BM, indicating an octahedral symmetry.[@bib13] The Ni^2+^ complex showed magnetic susceptibilities of 2.91 and 2.99 BM, whereas the Cu^2+^ complex showed magnetic susceptibilities of 2.01 and 1.93 BM, suggesting that they have an octahedral geometry. Compounds **5a(Lig)** and **5b(Lig)** act as bidentate ligands by chelating with transitional metal ions through the azomethine bearing nitrogen atom. Based on magnetic susceptibilities, the presumed structures of the complexes are shown in [Scheme I](#sch1){ref-type="fig"}.

All the compounds showed good antimicrobial activities ([Table 3](#tbl3){ref-type="table"}). Compound **4e**, Schiff base **5a(Lig)**, and metal complexes **6a**, **6b**, and **6d** showed significant antimicrobial activities against *E. coli (res)*, *K. pneumoniae*, and *S. aureus (res)* in comparison to both the standards, amoxicillin (RA) and ampicillin (RA^1^). The cobalt--conjugated complex **6a** showed significant (P \< 0.05) antimicrobial activities against *E. coli (res)*, *K. pneumoniae*, and *S. aureus (res)* with the highest mean zones of inhibition (16.67 ± 2.34, 16.17 ± 1.94, and 20.83 ± 1.84 mm, respectively). Similarly, the cobalt--conjugated complex **6d** showed significant (P \< 0.05) antimicrobial activities against *E. coli (res)*, *K. pneumoniae*, and *S. aureus (res)* with mean zones of inhibition as 15.5 ± 3.21, 16.17 ± 2.99, and 16.83 ± 2.71 mm, respectively in comparison to both amoxicillin (RA) and ampicillin (RA^1^). The antibiograms of the synthesized molecules are shown in [Figure 8](#fig8){ref-type="fig"}. The antimicrobial activities of the synthesized molecules against *E. coli (res)*, *S. aureus (res)*, C. *neoformans*, and *C. albicans* in comparison to that of amoxicillin (RA) are graphically presented in [Figure 9](#fig9){ref-type="fig"}.Table 3Antimicrobial activities of novel metal complexes of 2-amino-4-substituted phenylthiazole Schiff bases against different microbial strains (mean ± S.D.).Compounds*Bacterial strainFungal strainE. coli (res)K. pneumoniaeS. aureus (res)C. albicansC. neoformans***4e**15.83 ± 1.47^∗^15.17 ± 2.1416.17 ± 2.04^∗^10.17 ± 1.8412.5 ± 1.52**5a(Lig)**13.67 ± 2.3412.67 ± 2.2515.83 ± 2.79^∗^12.17 ± 2.2313.33 ± 1.37**5b(Lig)**15.33 ± 2.0713.5 ± 2.4311.5 ± 1.8712 ± 1.2712.33 ± 1.75**6a**16.67 ± 2.34^∗^16.17 ± 1.94^∗^20.83 ± 1.84^∗^12.83 ± 2.2313.67 ± 2.94**6b**15.83 ± 1.84^∗^16 ± 2.37^∗^18.33 ± 1.75^∗^13.33 ± 2.3412.67 ± 1.51**6c**--14.67 ± 3.1414.83 ± 1.8411.33 ± 1.5115.83 ± 1.84**6d**15.5 ± 3.21^∗^16.17 ± 2.99^∗^16.83 ± 2.71^∗^12.67 ± 2.3412.17 ± 2.71**6e**14.83 ± 2.5615.83 ± 2.2314.5 ± 1.5211.17 ± 6.2110.5 ± 1.52**6f**--16.67 ± 1.37^∗^15.17 ± 1.9412.5 ± 1.5210.33 ± 1.75**RA**12.67 ± 1.5115.33 ± 1.9713 ± 1.6719.33 ± 4.6824.17 ± 1.94**RA**^1^--15.09 ± 1.13--[^1]Figure 8Antibiogram pattern of 2-amino-4-substituted phenylthiazole based Schiff base bearing metal complexes against *S. aureus (res)* (**a**) and *C. neoformans* (**b**).Figure 9Error gram showing the statistical interpretation of antimicrobial activity of 2-amino-4-substituted phenylthiazole based Schiff base bearing metal complexes against (**a**) *E. coli (res)*, (**b**) *S. aureus (res)*, (**c**) *C. albicans*, and (**d**) *C. neoformans.*

Molecules **4e**, **5a**(**Lig**), **5b**(**Lig) 6a**, **6b**, and **6d** inhibited the growth of *E. coli (res)*, *K. pneumoniae*, and *S. aureus (res)* at an MIC of 31.25 μg/mL ([Table 4](#tbl4){ref-type="table"}). All the complexes showed potential antimicrobial activities against *K. pneumoniae* at 31.25 μg/mL, whereas Schiff base ligands **5a**(**Lig**) and **5b**(**Lig)** were active only at 125 μgmL^−1^.Table 4Minimum inhibitory concentration (MIC, μg/mL) of novel metal complexes of 2-amino-4-substituted phenylthiazole Schiff bases against different microbial strains.Compounds*Bacterial strainFungal strainE. coli (res)K. pneumoniaeS. aureus (res)C. albicansC. neoformans***4e**31.2531.2531.25500250**5a(Lig)**12512531.25250250**5b(Lig)**31.25125250250250**6a**31.2531.2531.2531.25125**6b**31.2531.2531.25125250**6c**--62.562.525031.25**6d**31.2531.2531.25250250**6e**62.531.2562.5250250**6f**--31.2531.25125250[^2]

The results of the oral acute toxicity study revealed no mortality, toxicity, and gross behavioural changes in the experimental rats. All the compounds are found to be safe up to a dose of 2000 mg/kg body weight.

The radical scavenging activities of the newly synthesized molecules are reported in [Table 5](#tbl5){ref-type="table"}. All the test compounds (**4e**-**6f**) showed 50% inhibition at concentrations of 72 ± 1.4, 56 ± 0.78, 52 ± 1.13, 36 ± 0.56, 48 ± 0.89, 40 ± 0.59, 38 ± 1.4, 46 ± 0.98, 37.3 ± 0.02, and 31 ± 0.70 μg/mL, respectively. Molecules **6a**, **6c**, and **6d** showed significant radical scavenging activities (\>61%) at a concentration of 50 μg/mL in comparison to standard BHT. However, the cobalt-conjugated complexes **6a** and **6d** showed significantly low IC~50~ values of 36 and 38 μg/mL, respectively. The antioxidant activities of the synthesized molecules showing % inhibition at different concentrations are graphically presented in [Figure 10](#fig10){ref-type="fig"}.Table 5DPPH radical scavenging activities of novel metal complexes of 2-amino-4-substituted phenylthiazole Schiff bases.Conc. (μg/mL)10305070IC~50~Compound% Inhibition**4e**17.96 ± 0.0329.54 ± 0.0533.64 ± 0.0956.39 ± 0.0872 ± 1.4**5a(Lig)**27.99 ± 0.0439.34 ± 0.0249.09 ± 0.0763.9 ± 0.0556 ± 0.78**5b(Lig)**19.26 ± 0.0438.53 ± 0.0948.33 ± 0.0779.89 ± 0.0652 ± 1.13**6a**29.72 ± 0.0743.32 ± 0.1163.44 ± 0.07\*83.02 ± 0.0636 ± 0.56**6b**28.43 ± 0.0741.83 ± 0.0251.41 ± 0.0579.97 ± 0.0648 ± 0.89**6c**25.43 ± 0.0839.65 ± 0.0961.41 ± 0.04\*83.11 ± 0.0440 ± 0.59**6d**36.53 ± 0.02\*43.03 ± 0.0461.97 ± 0.08\*73.78 ± 0.0738 ± 1.4**6e**31.24 ± 0.0641.31 ± 0.0251.77 ± 0.0879.89 ± 0.0446 ± 0.98**6f**39.73 ± 0.02\*53.38 ± 0.03\*63.38 ± 0.01\*79.53 ± 0.0237.3 ± 0.02**BHT**32.32 ± 0.0149.54 ± 0.0159.99 ± 0.1087.74 ± 0.0631 ± 0.70[^3]Figure 10Antioxidant activities of metal complexes of 2-amino-4-substituted phenylthiazole Schiff bases and their graphical presentation.

Discussion {#sec4}
==========

Weak absorption bands at ν 1481-1477 cm^−1^ in the FT/IR spectra of **5a**(**Lig**) and **5b**(**Lig**) confirm the existence of an ---NN--- group; the azomethine group preferentially forms a coordination bond with the metal ion, whereas the azo group is left free, as indicted by an unaltered ---NN--- band.[@bib8] The absence of a carbonyl stretching band of **4e** at ν 1660 cm^−1^ in the spectra of **5a**(**Lig**) and **5b**(**Lig**) confirmed the formation of an azomethine moiety. The spectra of the metal complexes **6**(**a**--**f**) derived from **5a** and **5b** showed moderately altered frequencies for the azomethine group in the range of ν 1614--1609 cm^−1^. Broad medium-intensity bands at 3155 and 3159 cm^−1^ observed in the spectra of Schiff bases **5a**(**Lig**) and **5b**(**Lig**), respectively, indicate intra-molecular hydrogen bonding between hydroxyl groups and the azomethine nitrogen.

Singlet peaks due to the phenolic ---OH proton of salicylaldehyde were observed in the NMR spectra of Schiff bases **5a**(**Lig**) and **5b**(**Lig**) at δ 11.29 and 11.33 ppm, respectively; they were absent in the spectra of all the metal complexes **6**(**a--f**) due to the deprotonation of the hydroxyl proton by the interaction with metal chlorides. Because the nitrogen atom of the ---CHN--- group formed coordinate bonds with metal ions, all the metal complexes **6**(**a**--**f**) showed sharp singlets in the range of δ 8.17--8.23 ppm corresponding to the azomethine proton.

XRD analysis of cobalt complex (**6d)** revealed three moderate reflections at 20, 27, and 40°, which were not shown by **5b(Lig)**, verifying the conjugation of the metal (cobalt) with the Schiff base.

Complexes **6a** and **6d** exhibited better antibacterial activities against *E. coli (res)*, *K. pneumoniae*, and *S. aureus (res)* than their respective Schiff bases due to the insertion of the Co^2+^ ion to the intermediate Schiff bases **5a(Lig)** and **5b(Lig)**, respectively. The coordination of metals with ligands reduces the polarity and enhances the lipophilicity of the resulting molecules, increasing their permeation across the lipoidal cell membranes of microorganisms, causing increased inhibition of microbial growth.[@bib14]

The variation in the DPPH scavenging capacity of the different molecules may be attributed to the substitution of the various metals to the Schiff base ligands, which increases the capacity to stabilize unpaired electrons, thereby scavenging free radicals.[@bib11] Our findings are consistent with previous reports that metal complexes of Schiff bases show improved antimicrobial and antioxidant activities. This study is a continuation of our earlier reported study.[@bib6]

Conclusions {#sec5}
===========

We previously showed that the complex bis\[2-{(*E*)-(4-methoxyphenylimino)methyl}-4-{(*E*)-(3-nitrophenyl)diazenylphenoxy}cobalt\], **5a**(**Co Lig**~**2**~), exhibits significant antimicrobial activity.[@bib6] In the present study, we consistently observed that the complexes bis\[{4-((4-bromo-3-methylphenyl)diazenyl)-2-((4-phenylthiazol-2-limino)methyl)phenoxy}\]cobalt, **6a**, and bis\[4-{(4-bromo-3-methylphenyl)diazenyl}-2-{(4-(4-chlorophenyl)thiazol-2-ylimino)methyl}phenoxy\]cobalt, **6d**, exhibit significant biological activities. We reported earlier that the complex **5a**(**Co Lig**~**2**~) exhibited significant antibacterial activity against *K. pneumoniae.* In the present study, the complexes **6a** and **6d** exhibited significant antibacterial activities against drug-resistant pathogens, *E. coli (res)*, *K. pneumonia*, and *S. aureus (res)*. In the previous study, all the complexes showed significant antifungal activities; however, none of the complexes in the present study exhibited a significant antifungal activity. Comparing the antimicrobial activities of the complexes in our earlier report with those of the complexes in the present study, we found that complexes bearing the 3-nitrophenylazosalicylaldehyde nucleus exhibit excellent antifungal activities, whereas those with the 4-bromo-3-methylphenylazosalicylaldehyde nucleus showed significant antibacterial activities against drug-resistant bacterial strains, despite both the Schiff base complexes bearing the azosalicylaldehyde nucleus. However, the molecules described in the present study also showed significant antioxidant activities. Based on our findings on the biological activities of previously and recently synthesized complexes, it can be concluded that chelating the transitional metal Co^2+^ with Schiff base ligands bearing an azosalicylaldehyde nucleus enhances their biological activities. Because the novel synthesized metal complexes of 2-amino-4-substituted phenylthiazole Schiff bases showed potential antimicrobial activities against drug-resistant pathogens and exhibited improved radical scavenging activities, they may be effective in the treatment of infections.
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[^1]: Results expressed in Mean ± S.D. (n = 6), The data were analysed by One Way ANOVA followed by Dunnett\'s Post Hoc test, (statistical significance at \*p \< 0.05 in comparison to reference antibiotic (RA): amoxicillin (antibacterial), fluconazole (antifungal) and RA^1^: ampicillin (antibacterial); -, no zone of inhibition.

[^2]: --, no zone of inhibition; *E. coli(res), Escherichia coli resistant; S. aureus(res), Staphylococcus aureus resistant; C. albicans, Candida albicans; C. neoformans*, *Cryptococcus neoformans*.

[^3]: All values are expressed as Mean ± S.D., (n = 3), The data were analysed by one-way ANOVA followed by Dunnett\'s *post hoc* test, (statistical significance at \*p \< 0.05 in comparison to standard).
